Micro-acoustic Source for Hearing Applications Fabricated with 0.35μm CMOS-MEMS Process  by Rufer, Libor et al.
 Procedia Engineering  120 ( 2015 )  944 – 947 
1877-7058 © 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the organizing committee of EUROSENSORS 2015
doi: 10.1016/j.proeng.2015.08.811 
ScienceDirect
Available online at www.sciencedirect.com
 
EUROSENSORS 2015 
Micro-acoustic source for hearing applications fabricated with 
0.35μm CMOS-MEMS process 
Libor Rufer a,b,*, Giorgio De Pasquale c, Josué Esteves a,b, Francesco Randazzo c,  
Skandar Basrour a,b, Aurelio Somà c  
aUniversity Grenoble Alpes, TIMA Laboratory, F-38031, Grenoble, France 
bCNRS, TIMA Laboratory, F-38031 Grenoble, France 
cDepartment of Mechanical and Aerospace Engineering, Politecnico di Torino, Italy 
Abstract 
We report on a micro-acoustic source based on industrial 0.35μm CMOS-MEMS process with only one additional post-process 
step. The fabrication flow completed with the characterization results of an electrostatic micro-acoustic source based on 0.35μm 
CMOS process with sacrificial SiO2 etch is shown here for the first time. The acoustic pressure in air in the vicinity of the 
resonant frequency (32,2 kHz) at the distance of 10 mm from the source was measured. The acoustic pressure of 12 mPa was 
obtained when the source was driven by AC signal of 6 Vp-p and the DC bias of 8 V. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of EUROSENSORS 2015. 
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1. Introduction 
A successful design of an efficient source generating acoustic pressure in the air by means of vibrating 
diaphragm must maximize the product of the diaphragm area, its vibrational velocity and frequency. Such a 
condition limits the exploitation of MEMS-based devices as acoustic sources, in particular in low frequency range, 
to in-ear or similar applications generating low power signals in closed couplers. Various approaches to the acoustic 
generation in air with MEMS use magnetic or piezoelectric materials. Their principal disadvantage is the need to 
integrate a material that is not a part of a CMOS fabrication process. Another approach consists in digital sound 
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reconstruction involving the summation of discrete acoustic pulses generated by individual acoustic transducers 
arranged in a matrix and operating in a binary way. Such a digital speaker was presented in a configuration using a 
capacitive principle [1]. Modeling methods of electrostatic MEMS micro-speakers were presented in [2]. CMOS-
MEMS process with front-side surface etching of layers deposited on silicon wafer during the CMOS process was 
developed in the current decade as a useful process allowing MEMS devices fabrication with only one mask-less 
etch of a CMOS chip. Until now, various applications of this technology were reported except acoustic sources [3].  
We show that the industrial 0.35μm CMOS technology can be considered also for sources of airborne acoustic 
signals. The ultimate goal is the monolithic integration of a device working both as a source and a sensor with 
electronics, thus facilitating signal routing, suppressing parasitic effects, and improving the signal-to-noise ratio. 
The acoustic source fabrication is based on AMS 0.35μm CMOS back-end process consisting in the silicon dioxide 
sacrificial layer removal by hydrofluoric acid (SiloxVapox III) wet etching. The electrostatic transducer structure 
(Fig. 1.) is composed of a squared perforated diaphragm (500 x 500 x 0,925μm3) and a solid backplate, formed by 
CMOS metallic layers, separated by an air gap (2,64μm). The holes size (5μm) and position on the diaphragm have 
been chosen to allow a sacrificial layer etching and to avoid an excessive damping due to the air gap. The diaphragm 
is anchored, through vias.  
 
Fig. 1. Schematics of the CMOS-MEMS acoustic source structure. 
We will present in the following paragraphs the finite element modeling of the acoustic source, the fabrication of 
the device in the AMS 0.35μm CMOS technology backed-up with a post-CMOS etch, and, the device 
characterization. Finally, we will conclude with a summary of our current and future work. 
2. Modeling 
The numerical model of the device was developed in the ANSYS environment. Fig. 2. shows the geometry of the 
diaphragm used for the simulation. The outer boundary of the model represents the structure to which the diaphragm 
is clamped. The model does not take into account the holes of the real device necessary for the etching process since 
the numerical comparison between the model with and without holes has shown that the influence of the holes on 
the mechanical behavior is negligible. Damping effects induced by the air gap and holes in the diaphragm will be 
evaluated by a simultaneous fluidic analysis expressed by a global damping coefficient considered in the structural 
model. 
 
Fig. 2. Geometry of the acoustic source diaphragm. 
There are two elements involved in the simulations: SHELL181 and TRANS126. The SHELL181 element is a 
four-node structural shell element, particularly suitable for the simulation of thin membranes. It has six degrees of 
freedom at each node (translation in x, y and z direction and rotation about the x, y and z-axis); it does not have any 
electrostatic degree of freedom and supports the initial stress option. The TRANS126 element works as an 
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electromechanical transducer; it converts energy from the electrostatic domain to the structural domain and vice 
versa. It has up to two degrees of freedom per node: the electric potential and the translation in x, y or z direction. It 
is particularly suitable for the simulation of the electrostatic field between two electrodes.  
In the model, we considered the backplate electrode as a square plate (250 x 250 μm). The TRANS126 element 
can be generated using the EMTGEN command specifying the length of the element, so the air gap between the 
diaphragm and the electrode, the permittivity of the air, the minimum possible gap, and the contact stiffness. The 
diaphragm is built in the x – y plane, so its thickness extends towards z direction in the same way as the TRANS126 
elements. The number of structural elements involved in the model is about 1600. The study on the mesh 
convergence showed that the percent error in structural energy is lower than the 10% with less than 1500 elements 
and that the strain in z direction and the equivalent Von Mises stress reach a fully developed convergence with less 
than 1500 elements. All the nodes of the external boundary are clamped; between the nodes of the TRANS126 
elements linked to the structure and those simulating the lower electrode of the transducer there is an imposed 
voltage difference. The displacement in z direction of the latter nodes is constrained to zero. The equivalent viscous 
damping due to the air gap associated with holes in the diaphragm was evaluated as ] = 0,3.  
An initial stress of 1 MPa is assigned to the structural elements of the model; with this value of the initial stress 
the best fitting on the experimental results was obtained. The initial stress is applied either along the x and y 
direction or along the direction of the supports, so with an angle of 45° with respect to the Cartesian axis. The 
simulations proved that the results are the same. The modal analysis of the model shows that the first natural 
frequency is at about 32 kHz. Moreover, this analysis shows an important effect of the initial stress in the model: 
without the initial stress the first natural frequency is at about 26 kHz, far from the experimental results. The 
following procedure was followed in order to perform a harmonic analysis. At first, a DC voltage has been applied 
to the structure and a static analysis allowed computing the displacement of the diaphragm. After that, an AC 
voltage has been applied to the structure to perform a harmonic analysis for computing the displacement (Fig. 3a) 
and the capacitance (Fig. 3b) related to the applied boundary condition.  
 
a) 
 
b) 
Fig. 3. Frequency variation: (a) of the diaphragm maximal displacement, (b) of the transducer capacitance. 
From the results obtained with the harmonic analysis we estimated the value of the maximum acoustic pressure 
produced by the device. Taking as a reference the case of the piston–like movement and considering the far field, we 
can write for the maximal acoustic pressure: 
݌ ൌ ߩߨ݂ݒܽ
ଶ
ݎ  
 
where U  is the density of the air, f is the frequency, v is the piston speed, a is the radius of the piston and r is the 
distance from the piston. Considering the displacement measured at the natural frequency and converting it in an 
equivalent displacement related to the case of a piston–like movement, the maximum pressure at 1 cm from the plate 
is 20.2 mPa. 
3. Fabrication 
The acoustic source fabrication is based on AMS 0.35 μm CMOS back-end process that encompass a passivation 
layer, four metal layers, three via layers and several silicon dioxide layers. The Metal 4 layer is used for the 
diaphragm and Metal 2 layer for the backpate. The silicon dioxide layer between M4 and M2 is a sacrificial layer, 
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which is removed by hydrofluoric acid (HF) wet or dry etching. The passivation layer has been opened at strategic 
places by AMS foundry (e.g. diaphragm, electrical contacts). Two approaches were tested to etch the SiO2 sacrificial 
layer between metal layers, either SiloxVapox III (i.e. wet etching) or HF vapor etching (i.e. dry etching). The HF 
vapor etching was done using MONARCH-3 Primaxx from SPTS Company. MONARCH-3 has been designed 
especially for HF vapor etch to remove sacrificial silicon oxide layers, primarily to release microstructures in 
MEMS devices. SEM picture (Fig. 4) shows that the SiO2 is completely removed after the SiloxVapox III etch. The 
etch rate has been estimated at 140 nm/min. 
 
Fig. 4. A global view on the acoustic source with a detailed view of the etched metallic diaphragm. 
4. Test 
The acoustic source was characterized with both interferometric measurement (Fogale – Fig. 5a) and acoustic 
measurement chain (microphone B&K 4939, lock-in amplifier Zurich Instruments HF2LI – Fig. 5b). Fig. 5c shows 
the acoustic pressure generated by the MEMS device at a distance of 10mm. 
a) 
 
b) 
 
c) 
Fig. 5. (a) Result of the interferometric measurement of the diaphragm activated electrostatically (b) Part of the 
measurement setup for acoustic detection, and (c) Frequency response of the CMOS-MEMS acoustic source. 
5. Conclusions 
Experimental tests revealed that the membranes have good dynamic response in terms of predictability of 
acoustic pressure peaks; then, the high mechanical quality factor induces good separation of acoustic resonance in 
the frequency domain. The acoustic pressure level obtained is still lower than the expectancies depending to the 
specific geometry of the sample (especially because the two environments separated by the membrane are in 
communication) that requires additional improvements. At this purpose, further simulations and tests will be 
addressed to new type of sample. The air pressure excitation present in the human hearing channel will be also 
measured for the next samples dimensioning. 
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